Females of most animal species are polyandrous, with individual females usually mating with more than one male [1, 2] . However, the ubiquity of polyandry remains enigmatic [3, 4] because of the potentially high costs to females of multiple mating [5, 6] . Current theory to account for the high prevalence of polyandry largely focuses on its benefits to individual females [7, 8] . There are also higher-level explanations for the high incidence of polyandry-polyandrous clades may speciate more rapidly [6] . Here we test the hypothesis that polyandry may also reduce population extinction risk. We demonstrate that mating with multiple males protects populations of the fruit fly Drosophila pseudoobscura against extinction caused by a ''selfish'' sexratio-distorting element. Thus, the frequency of female multiple mating in nature may be associated not only with individual benefits to females of this behavior but also with increased persistence over time of polyandrous species and populations. Furthermore, we show that female remating behavior can determine the frequency of sex-ratio distorters in populations. This may also be true for many other selfish genetic elements in natural populations.
Summary
Females of most animal species are polyandrous, with individual females usually mating with more than one male [1, 2] . However, the ubiquity of polyandry remains enigmatic [3, 4] because of the potentially high costs to females of multiple mating [5, 6] . Current theory to account for the high prevalence of polyandry largely focuses on its benefits to individual females [7, 8] . There are also higher-level explanations for the high incidence of polyandry-polyandrous clades may speciate more rapidly [6] . Here we test the hypothesis that polyandry may also reduce population extinction risk. We demonstrate that mating with multiple males protects populations of the fruit fly Drosophila pseudoobscura against extinction caused by a ''selfish'' sexratio-distorting element. Thus, the frequency of female multiple mating in nature may be associated not only with individual benefits to females of this behavior but also with increased persistence over time of polyandrous species and populations. Furthermore, we show that female remating behavior can determine the frequency of sex-ratio distorters in populations. This may also be true for many other selfish genetic elements in natural populations.
Results and Discussion
Sex-ratio meiotic drive occurs when a sex chromosome manipulates sperm production to ensure that all functional sperm carry the ''selfish'' chromosome, resulting in singlesex broods [9] . Hamilton first hypothesized that sex-ratio meiotic drive could result in population extinction [10] , a prediction later verified experimentally with an artificially created Y drive element [11] . However, the death of nondriver sperm in drive-carrying males is likely to reduce the number of sperm that they produce [12, 13] . This has important consequences when females mate with several males, because the sperm from the different males will compete, and the lower sperm numbers produced by drive-carrying males could reduce their chance of fathering offspring. For example, despite the driver being passed on to all of a male carrier's offspring, if carrier males on average sire fewer than half as many offspring as nondriving males when in sperm competition, the driving chromosome can then be less successful than the nondriving chromosome [14, 15] . Hence, polyandry may undermine the transmission advantage of driving chromosomes and thereby regulate their frequency [14] [15] [16] . Thus, we reasoned that fixation of a driving sex chromosome, and the resulting extinction of the population due to the loss of one sex, would be heightened when females had a single sexual partner (monandry), and that females mating with multiple males could protect against drive-mediated extinction.
We tested this hypothesis via an experimental evolution approach in Drosophila pseudoobscura, with populations maintained in either polyandrous or monandrous conditions, in the presence of the driving chromosome SR (Sex-Ratio). SR is a naturally occurring X chromosome meiotic driver that kills the Y chromosome-bearing sperm of male carriers [9, 17] . SR therefore results in all-female broods and is inherited by all of the offspring of females that mate with male carriers [18, 19] . This transmission advantage allows SR to spread through populations. However, the loss of half of the sperm produced by SR carriers makes them poor sperm competitors, with SR males gaining less than a quarter of the paternity of a normal male when mating to a nonvirgin female (14% for SR males versus 65% for a normal male) [20] . Thus, even though the SR chromosome will be passed on to all of a carrier male's offspring, it may still on average be passed on to fewer offspring than a normal X chromosome carried by a normal male if sperm competition is common. Hence, polyandry is likely to impede the spread of the driver [15] .
We established 48 laboratory populations of D. pseudoobscura, each consisting of 60 male and 60 female flies per generation, initially containing SR at naturally occurring frequencies (30%) [21] . Twelve of these populations were assigned to a monandry treatment, in which sexually mature females were mixed with males for four hours and then separated by sex. Although D. pseudoobscura are polyandrous [18] , females will not remate within four hours, ensuring that females were mated only once in this treatment. Twelve populations were assigned to each of three polyandry treatments, where the sexes were mixed for four hours each on two, three, or six days, providing up to six mating opportunities (see Table 1 for mating schedule). Females were then allowed to lay eggs to produce the next generation. In polyandrous populations, the frequency of the driver fell rapidly in all cases, relative to its frequency in monandrous populations (Figure 1 ; n = 47, F 1,45 = 10.819, p = 0.002). The frequency of SR at generation 9 was significantly lower in all three polyandrous treatment populations than the initial starting frequency of 0.3 (one-sample t test: two mating opportunities: t 1,11 = 25.25, p < 0.001; three mating opportunities: t 1,11 = 28.83, p < 0.001; six mating opportunities: t 1,11 = 22.88, p = 0.015; p values when corrected for multiple comparisons with the Benjamini-Hochberg procedure [22] are 0.001, <0.001, and 0.040, respectively), whereas there was no significant difference in the single-mating treatment (uncorrected one-sample t test: t 1,10 = 20.36, p = 0.972). Hence, a single opportunity for females to remate at each generation was sufficient to significantly suppress the spread of the driver and thus reduce its frequency. As expected, the frequency of SR at generation 9 was negatively correlated with the population sex ratio, measured as the proportion of eclosing males (Pearson correlation coefficient = 20.33, R 2 = 0.109, p = 0.031). Thus, we can estimate the frequency of SR at each generation from the population sex ratio. At generation 15, the mean proportion of *Correspondence: n.wedell@exeter.ac.uk males was lower in the extant monandrous populations than in the pooled polyandrous populations (Figure 2) . Furthermore, the increased frequency of SR significantly decreased the mean proportion of males in the monandrous populations relative to the proportion of males in the polyandrous populations over the 15 generations of the experiment (sign test: n = 15, p < 0.001; Figure 2 ). This test is rendered highly conservative by the absence of the extinct populations (below), which were all ''all-female'' in the generation preceding extinction.
The single-mating treatment was also associated with increased risk of population extinction. One of the monandrous populations went extinct as a result of loss of males after only nine generations ( Figure 2 ). In total, 40% of monandrous populations (5 of 12) went extinct within 15 generations. In contrast, all 36 polyandrous populations survived. Overall, monandrous populations were significantly more likely to go extinct than the polyandrous ones (c 2 test: c The extinction of monandrous populations was clearly caused by sex-ratio bias, the expected product of SR. In the six generations prior to extinction, the five monandrous populations that went extinct suffered a significant decrease in the proportion of males (generalized linear model [GLM]: F 1,24 = 9.73, p = 0.005). In contrast, when we examined the final six generations of the seven monandrous populations that survived, we found no significant decrease in proportion of males produced (GLM: F 4,33 = 0.57, p = 0.458). In both cases, there were significant differences between populations (GLM: extinct populations: F 4,24 = 6.90, p < 0.001; surviving populations: F 6,40 = 10.81, p < 0.001) but no interaction between generation and population (p > 0.5). Thus, populations that went extinct had undergone a rapid decrease in the proportion of males produced, the hallmark of SR. The source of extinction can be seen most compellingly in the generation immediately prior to extinction. The proportion of males produced in the generation prior to extinction in populations that went extinct was significantly smaller than the mean proportion of males produced over generations 9 to 15 by the monandrous populations that survived (median proportion male: survived, 0.36; extinct, 0.21; Mann-Whitney U test: n = 12, U = 3, p = 0.019). In their final generation, the populations that went extinct had a productivity similar to the surviving monandrous populations and the polyandrous populations (400+ individuals in each, compared to a median size of around 500 eclosing offspring), but were all extremely sex biased, producing no males in the 400+ individuals. The contrast of large population size with an increasing sex-ratio bias that 
Virgin male and female flies were collected on day 1. ''X'' indicates males and females placed together for a 4 hr mating opportunity. On day 10, all females were moved to new vials to allow oviposition. The monandry treatment (leftmost column) showed significantly higher frequencies of SR than the three polyandry treatments (F 1,45 = 10.819, p = 0.002). There were no significant differences (NS) between the three polyandry treatments. Note that one of the twelve monandrous populations is not included because at generation 9 it produced no males and went extinct. The box plots display the median, upper and lower quartiles, and range.
Figure 2. Proportion of Males Eclosing from the Polyandrous and Monandrous Populations over Fifteen Generations
Mean and 95% confidence intervals of the proportion of males eclosing from the polyandrous (green circles) and monandrous (blue squares) populations. The polyandrous populations had a higher proportion of males emerging in most generations (two, three, and six mating opportunities pooled, n = 36) than the monandrous populations (one mating opportunity, n = 12). Note that the number of monandrous populations decreased from twelve to seven over the final six generations as a result of population extinction. Generations where a monandrous population went extinct are marked ''X,'' and data from these generations are not included in the graph.
led to complete absence of males allows us to definitively conclude that extinction was caused by the absence of males in the population. In terms of population size, each generation within our experiment was founded with 120 individuals. Thus, the monandrous populations that went extinct maintained an excess of founder individuals, but specifically a lack of males. SR alone provides a satisfactory explanation for the sexratio skew and extinctions. The lack of males is incompatible with other sources of extinction that might be associated with monandry, such as demographic stochasticity, sperm limitation, and inbreeding. Demographic stochasticity can cause extinction in small populations if all individuals in a generation are one sex by chance. However, the production of over 400 individuals (all female) in the final generations makes this unlikely. Sperm limitation could also potentially cause extinctions, but it would not be expected to produce a final generation consisting of a single sex. Furthermore, D. pseudoobscura males can mate with at least four females without showing significantly reductions in sperm transfer [23] . Inbreeding can reduce overall population viability, but it would be expected to generally reduce productivity, not eliminate a single sex in an otherwise healthy population. Therefore, we conclude that the agent of extinction is lack of males caused by the meiotic driver SR.
This experiment demonstrates that polyandry can directly control the spread of SR through laboratory populations, a finding previously only supported by theory. In contrast, monandry allows the spread of driving agents and greatly increases the risk of extinction. In the study species we used, SR shows both geographic and altitudinal clines in frequency and shows no natural suppression by autosomal factors [24] . The biological factors underlying clines in SR frequency, and indeed the frequency of SR found in individual D. pseudoobscura populations, have puzzled evolutionary biologists since they were discovered in 1936 [24] . Previous work has shown that the presence of SR rapidly promotes females to evolve increased remating rates in laboratory populations [25] . Our study suggests that variation in the rate of polyandry should be investigated as a potential regulator of SR frequency in natural populations. The lack of difference between the three polyandry treatments in reduction in SR frequency is likely to be due to the poor sperm competitive ability of SR males. Competition with a single non-SR ejaculate reduces the paternity gained by SR males by 65%-86% [20] . Competition with further ejaculates can thus only reduce paternity by at most 15%-35% of paternity gained during a single mating. Hence, it would appear that polyandry per se is sufficient to undermine the transmission advantage of the SR allele because of its associated poor sperm competitive performance. Thus, not only does the presence of SR promote increased female remating rates [25] , but this polyandry directly limits the spread of the drive allele.
We draw two main conclusions from this experiment. The first of these is that polyandry may reduce the rate of spread of deleterious selfish genetic elements. This process will occur whenever a selfish genetic element reduces sperm competitiveness, and it is likely to be very widespread. The link between poor sperm competitive ability and the process of drive, including autosomal drive, is likely to be general, because the process of drive involves 50% of sperm being either killed or rendered nonfunctional [9] . Meiotic drive systems are known from a diverse range of animal and plant (pollen) systems and can occur at high frequencies [26] . Many other selfish genetic elements have also been shown to reduce male fertility and are therefore likely to also reduce sperm competitive ability [12] . These include B chromosomes [27] , intracellular bacteria causing cytoplasmic incompatibility [28] , and possibly some transposons [29] . The transmission advantages of all of these genetic elements are thus likely to be undermined by sperm competition stemming from female multiple mating. Multiple mating is common in D. pseudoobscura in the wild [30] , as in many other species [2] . As a result, the frequency of meiotic drivers, and potentially many other selfish genetic elements, is likely to be determined to a large extent by the mating behavior of females. The effects will be particularly pronounced in species such as D. pseudoobscura where genetic suppression of drive has never evolved.
The second general conclusion is that monandry increases extinction risk in species harboring a sex-chromosome meiotic driver because this allows the driver to rapidly spread to a high enough frequency to eliminate one sex. We have shown that this can occur rapidly when monandry is imposed on a polyandrous species in small populations in the laboratory. The question then raised is the extent to which this is reflected in extinction events in monandrous populations and species in the wild. Extinction of populations by drivers has not been observed in natural populations [9, 26] . However, it is possible that extinction events like those seen in our experiments may be relatively common but occur in small isolated populations as part of a metapopulation. Many species exist in a network of small populations with limited migration between them, and in many cases, isolated populations regularly go extinct but are recolonized by immigration from surviving populations [31] . The importance of such metapopulation structure has been demonstrated in butterfly populations suffering high rates of extinction as a result of inbreeding [32] . Metapopulation processes are also suggested to be important in regulating the frequency of the t complex in house mice, an autosomal drive system [33] . These t alleles cause male sterility when homozygous and hence are expected to reduce productivity and increase extinction risk in populations when common [34] . Extinction may also be more likely when a selfish genetic element distorts the population sex ratio. For example, feminizing microsporidia in gammarid shrimps can potentially cause the loss of males in small populations and can be regulated by metapopulation level effects [35] . Similarly, the importance of spatial structure affecting the probability of extinction has recently been highlighted for plant populations harboring sex-ratio distorters [36] . It seems therefore that local extinction due to sex-ratio distorters could potentially be a regular occurrence in metapopulations [30] .
In nature, D. pseudoobscura populations are typically estimated to have an effective population size of at least 10,000, with considerable gene flow across wide geographic areas [37] . However, it seems likely that even highly fecund and relatively mobile species such as D. pseudoobscura will sometimes form isolated populations, and models suggest that smaller populations will be particularly vulnerable to the spread of SR [38] . Certainly in D. pseudoobscura, the frequency of SR can fluctuate rapidly in local populations, with the recorded frequency of SR fluctuating from 0% to 27% through the course of one year [39] . It is also possible that the extinction of large populations may also occur, but that it is rarely observed because of the rapidity of extinction and the lack of evidence after an extinction event [40] . Furthermore, such extinctions would only be expected when a driver colonizes a monandrous population or a novel sex-ratio driver evolves, which are likely to be rare events.
We have demonstrated that monandry facilitates the spread of sex-ratio drive, and potentially other selfish genetic elements, and have argued that this can have dramatic population-level consequences. We can ask reciprocally whether selfish genetic elements impact on the evolutionary ecology of female mating rate. Past work on polyandry has emphasized the role of individual benefits to females in explaining its high prevalence in nature [25] . The ubiquity of polyandry may also be a result of increased speciation rates in polyandrous species [6] , a form of higher-level selection. This may be caused by increased rates of diversification in polyandrous species as a result of sexual conflict [41] . Here we have demonstrated experimentally a second possible form of higher-level selection for polyandry [42] , namely, the presence of lowered extinction risk of polyandrous populations associated with greater resistance to the spread and effects of sexchromosome meiotic drive. Drive elements may thus increase the representation of polyandry among taxa indirectly, by increasing the vulnerability of monandrous populations and species to extinction. Furthermore, population-level extinction by meiotic drivers may preclude the evolution of monandry in many species [42] .
In conclusion, we have shown that multiple mating by females can reduce the frequency of a sex-linked meiotic driver and is likely to do so for many other selfish genetic elements. Furthermore, the vulnerability of monandrous populations to extinction by sex-ratio distorters may provide a generally overlooked explanation for why polyandry is so prevalent.
Experimental Procedures
Organism and Sex-Ratio Meiotic Drive The fruit fly D. pseudoobscura lives in woodland in the western half of North America from Canada to Guatemala. Populations in the USA typically contain 1%-35% Sex-Ratio (SR) X chromosomes [21] , and these frequencies have been broadly stable for over 60 years [43] . SR is a meiotic driving X chromosome that in males causes Y chromosome sperm to fail during spermatogenesis [44] . SR has no consistent effect when carried by females [43] .
Collection of Flies
We collected 126 females from baits placed in forests in Show Low, AZ, USA (34 12 0 N, 110 06 0 W) in August 2004. Each female was used to create an isoline (a line of Drosophila descended from a single female). The frequency of SR at the site during collection was 11%. All flies were maintained and all experiments were carried out at 23 C. Flies were kept in standard Drosophila vials (75 3 25 mm) containing 50 ml standard Drosophila medium (oats, sugar, water, yeast, agar, and nipagin). Population densities of 30 flies per vial were maintained, with flies moved to new vials twice weekly.
Setup of Populations
We set up 48 populations of 60 male and 60 female flies, with SR at 30% frequency at Hardy-Weinberg equilibrium, with the same number of flies from each isoline for each population. We used 120 flies (where possible, 60 females and 60 males) to found each generation to minimize inbreeding and stochastic demographic effects [25] . Each population was randomly assigned to one of four mating treatments, resulting in 12 replicated populations for each mating treatment.
Remating Protocol
The 60 male and 60 female virgins for each generation of each population were stored in single-sex vials at a population density of 30 flies per vial, with each fly being at least three days old and hence fully reproductively mature [45] . The males and females were anaesthetized with CO 2 and mixed in a 300 ml pot containing a Petri dish of agar coated with yeast for four hours to allow them to mate. These four-hour mating sessions took place according to the schedule outlined in Table 1 , with each population being allowed one, two, three, or six mating opportunities. D. pseudoobscura females do not remate within twelve hours of a successful copulation [17] . At the end of each mating session, the flies were anaesthetized, separated by sex, and returned to their single-sex vials. After six days (nine days after eclosion), the males were discarded, and the females were split into three groups of 20 and placed into new vials to oviposit. Females were moved onto new food every three days for twelve days and were then discarded. The larvae were allowed to develop from these four vials, but newly eclosed virgins were only collected from the second and third vials to reduce variation in development time. We used 60 males and 60 females of the newly eclosing flies for the next generation of each population. In populations where fewer than 60 males eclosed from the second and third vials, males from all four vials were used. If there were still fewer than 60 males, then all of the males that did eclose were used in the next generation, although this was often fewer than 60. The collection of additional males when rare was designed to produce a conservative estimate of time to population extinction.
Assay of Sex Ratio at Each Generation
At each generation, we assayed the sex ratio of the eclosing adults. Flies that eclosed from the first vials that the females oviposited in were collected when virgins and isolated by sex. Eclosing flies were collected for one week after the first fly eclosed. After this period, the flies were anaesthetized, mixed together, and counted by sex up to a maximum of 150 flies. This process was repeated for the fourth vial the females oviposited in. When a population produced so few males that all eclosing males were required for the experiment, all males from the first and fourth vials were counted without anesthesia, as were all eclosing females. Data for changes in sex ratio over time were analyzed via generalized linear models, with population as a random factor, and with stepwise removal of nonsignificant factors from the maximal model.
Assays of SR
In generation 9, we mated 80 virgin males from each extant population to standard stock females. We sexed the offspring to determine whether the males carried SR. Productive males whose offspring consisted of more than 95% females were considered as carrying SR [19, 24] . The small number of flies that appear to be male produced by SR males are not true males, but are XO intersex flies. These flies resemble males but are sterile and occur at low frequencies in D. pseudoobscura [21] . Data were analyzed via c 2 or generalized linear models with a quasi-Poisson error structure and stepwise removal of factors from the maximal model with R 2.7.2 [46] .
Extinctions
Over 15 generations of experimental evolution, five populations went extinct. In three cases, the population produced no males at all. In two populations, a very small number of flies appeared to be male, but were all found to be XO intersex flies. During all extinctions, the populations were healthy and produced more than 400 female flies in the final generation, but no viable males. None of the populations showed signs of inbreeding depression (increased incidence of developmental abnormalities or failure to eclose).
